Dilated cardiomyopathy (DCM) is the most common type of cardiomyopathy that account for the majority of heart failure cases. The present study aimed to reveal the underlying molecular mechanisms of DCM and provide potential biomarkers for detection of this condition. The public dataset of GSE35108 was downloaded, and 4 normal induced pluripotent stem cell (iPSC)-derived cardiomyocytes (N samples) and 4 DCM iPSC-derived cardiomyocytes (DCM samples) were utilized. Raw data were preprocessed, followed by identification of differentially expressed genes (DEGs) between N and DCM samples. Crucial functions and pathway enrichment analysis of DEGs were investigated, and protein-protein interaction (PPI) network analysis was conducted. Furthermore, a module network was extracted from the PPI network, followed by enrichment analysis. A set of 363 DEGs were identified, including 253 upregulated and 110 downregulated genes. Several biological processes (BPs), such as blood vessel development and vasculature development (FLT1 and MMP2), cell adhesion (CDH1, ITGB6, COL6A3, COL6A1 and LAMC2) and extracellular matrix (ECM)-receptor interaction pathway (CDH1, ITGB6, COL6A3, COL6A1 and LAMC2) , were significantly enriched by these DEGs. Among them, MMP2, CDH1 and FLT1 were hub nodes in the PPI network, while COL6A3, COL6A1, LAMC2 and ITGB6 were highlighted in module 3 network. In addition, PENK and APLNR were two crucial nodes in module 2, which were linked to each other. In conclusion, several potential biomarkers for DCM were identified, such as MMP2, FLT1, CDH1, ITGB6, COL6A3, COL6A1, LAMC2, PENK and APLNR. These genes may serve significant roles in DCM via involvement of various BPs, such as blood vessel and vasculature development and cell adhesion, and the ECM-receptor interaction pathway.
Introduction
Cardiomyopathy is the leading cause of heart failure and mainly consists of four types: Dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy (ARVC) (1) . Characterized by enlarged ventricular dimensions and systolic dysfunction (2) , DCM is the most frequent type of cardiomyopathy, accounting for 10% of the newly diagnosed heart failure cases (3) . Management of DCM is an economic burden worldwide (4) . Therefore, it is urgent to identify the genetic etiologies of this disease.
Genetic mutations are known to influence the majority of cardiomyopathies, and DCM is triggered by mutations in giant protein titin (5) . Reportedly, DCM is associated with mutations in several genes, such as DES, LMNA, SCN5A and TNNT2 (6) (7) (8) . Among them, TNNT2 is the gene that encodes for cardiac troponin T, one of the subunits of the troponin complex that regulates muscle contraction and sarcomere assembly (9) . Mouse models carrying TNNT2 mutations that denote the human DCM phenotype have been established and used to determine the underlying mechanisms of DCM (10) . However, due to the differences between mouse and human models, the interpretation of such findings may be limited.
In mice, four transcription factors, namely Oct3/4, Sox2, Klf4 and c-Myc, are essential to generate the induced pluripotent stem cells (iPSCs). By contrast, in humans, the four indispensable factors for iPSCs generation from fibroblasts are OCT4, SOX2, NANOG and LIN28 (11) . This enables the establishment of disease-specific cellular models in humans, which contributes to the understanding of mechanisms and suitable drug screening for certain diseases. In humans, iPSCs derived from DCM patients have been used to obtain cardiomyocytes (12) . A previous study created a human DCM iPSC-derived cardiomyocyte model, which was generated from DCM patients carrying the TNNT2 mutation and from healthy controls without this mutation, in order to investigate relevant DCM mechanisms and potential drug therapy (13) . As a result, the study discovered that, in comparison with the healthy control group, the iPSC-derived cardiomyocytes from DCM patients showed altered regulation of Ca 2+ and abnormal distribution of sarcomeric α-actin (13) . Despite these valuable findings, gene alterations in DCM cardiomyocytes, as well as regulatory correlations of these genes were not considered.
Therefore, the present study re-analyzed the dataset GSE35108, mainly focusing on the gene alterations, as well as their biological functions and potential correlations in human DCM. Differentially expressed genes (DEGs) were identified between DCM iPSC-derived cardiomyocyte samples and healthy controls, followed by enrichment analysis. In addition, a protein-protein interaction (PPI) network was established to explore potential correlations between these DEGs, and three module networks were further extracted to explore detailed crucial genes and their functions. Through these comprehensive bioinformatics methods, the current study aimed to reveal underlying molecular mechanisms of DCM and to provide potential biomarkers for the detection and determination of the prognosis of the disease.
Materials and methods
Data resource. Gene expression profile with the accession number of GSE35108 (13) was obtained from the public Gene Expression Omnibus database (http://www.ncbi.nlm.nih. gov/geo/). The dataset contained a total of 17 samples; among them, 4 normal iPSC-derived cardiomyocytes (N samples) and 4 DCM iPSC-derived cardiomyocytes (DCM samples) were utilized in the present study. The platform for the gene expression profiles was Affymetrix Human Gene 1.0 ST Array (Affymetrix Inc., Santa Clara, CA, USA).
Data preprocessing and dif ferential analysis. The Bioconductor oligo package (http://www.bioconductor. org/packages/release/bioc/html/oligo.html) was used to perform the pretreatment analysis (14) . Background correction and quantile normalization were performed for the raw data using the robust multichip average (RMA) algorithm (15) . Next, expression values at probe level (probe ID) were converted to gene level (gene symbols). After removing the redundant probes, the gene expression matrix was finally obtained.
The Linear Models for Microarray Analysis (Limma) package (16) in R software (http://www.bioconductor. org/packages/release/bioc/html/limma.html) was applied to identify DEGs between the N and DCM samples, based on Student's t-test. Adjusted P-values were calculated using the Benjamini-Hochberg method (17) . The thresholds for significant DEG selection were an adjusted P value of <0.05 and |log2 fold change (FC)|of >2.
Functional enrichment analysis. To explore potential functions and pathways that may be altered by the DEGs, the online tool Database for Annotation, Visualization and Int egration Discovery (DAVID; https://david.ncifcrf.gov/) (18) was selected to perform functional and pathway enrichment analyses of the identified DEGs. The Gene Ontology (GO; http://www.geneontology.org/) database was used to identify the biological processes (BPs) that the DEGs may be involved. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/pathway.html) database was used to perform pathway enrichment analysis for the identified DEGs, according to the modified Fisher exact test. The selection criteria for significant GO terms and pathways were P<0.05 and an enriched gene number (also known as count) of >2.
PPI network construction. To further investigate potential associations of these DEGs at the protein level, the DEGs were mapped into the Search Tool for the Retrieval of Interacting Genes (STRING; http://string-db.org/) database. Subsequently, a PPI network was constructed, with the criterion of combined score of >0.4 between two interplayed proteins.
The Cytoscape software (http://cytoscape.org/) was used to perform topological structure analysis of the PPI network. A node in the PPI network was deemed as a protein product of the DEG. Based on the Connectivity Degree analysis (19) , crucial nodes in the PPI network with high degree (where degree refers to the number of edges for a DEG in the PPI network) were highlighted and named as hub nodes.
Module analysis of the PPI network. Module networks were extracted from the PPI network by the ClusterONE software (http://www.paccanarolab.org/clusterone/) in the Cytoscape, with the default parameter. The sub-modules network with P<0.05 was considered as significant functional sub-modules. Thereafter, functional enrichment analysis was performed for genes in the module networks, according to aforementioned method.
Results

DEGs between N and DCM samples.
According to the criteria of adjusted P-value of <0.05 and |log2 FC| of >2, a set of 363 DEGs were identified in the DCM samples, in comparison with the N samples. Among them, 253 genes were upregulated, while 110 were downregulated. Table I , upregulated DEGs were significantly correlated with various BPs, including ectoderm or epidermis development (e.g., KLF4), blood vessel and vasculature development (e.g., FLT1, MMP2 and COL1A2), as well as cell and biological adhesion (e.g., CDH1, ITGB6, COL6A3, COL6A1 and LAMC2). By contrast, the downregulated DEGs were markedly enriched in BPs, such as muscle contraction and muscle system processes (e.g., FXYD1, SLC8A1, CRYAB), and muscle organ development (e.g., ITGA11) and heart development (e.g., XIRP1, MYL2, MYBPC3).
Altered function and pathway by these DEGs. As indicated in
Based on the KEGG pathway enrichment analysis, five predominant pathways for upregulated DEGs were identified, as follows: Extracellular matrix (ECM)-receptor interaction (e.g., COL6A3, ITGB6, COL1A2, COL6A1), focal adhesion (e.g., FLT1, COL6A3, ITGB6, COL1A2, COL6A1), glutathione metabolism (e.g., GPX2, GSTA2, ANPEP), complement and coagulation cascades (e.g., PLAT, FGA, FGB) and O-Glycan biosynthesis (e.g., GCNT4, GALNT12, GCNT1). By contrast, only three significant pathways were enriched for the downregulated DEGs, including HCM, DCM and ARVC (e.g., ITGA11 in all these pathways; Table II) .
Predicted PPI network and module network analysis.
According to the predefined criterion, a PPI network was constructed, containing 520 interplayed PPIs. As shown in Fig. 1 , the top ten hub nodes in the PPI network were MMP2 (degree, 26), CDH1 (degree, 25), CAT (degree, 21), NANOG (degree, 18), PROM1 (degree, 18), KLF4 (degree, 15), FGF13 (degree, 13), PDE5A (degree, 12), FLT1 (degree, 12) and PDE2A (degree, 12). Three significant module networks were extracted, including module 1 (P=5.80x10 -4 ), module 2 (P=2.92x10 -3 ) and module 3 (P=1.34x10 -2 ). In module 1, nodes such as CAT, PDE5A, PDE2A and LRRN1 were highlighted; in module 2, PENK, APLNR, BDKRB1, OXGR1 and P2RY14 were predominant and linked to each other; and in module 3, the highlighted nodes were ITGB6, COL6A3, COL1A2, COL6A1 and ITGA11 (Fig. 2) . No significant BP terms and pathways were enriched for the nodes in module 1. Enrichment analysis indicated that genes in module 2 were significantly associated with the following BPs (Table III) : Cell surface receptor linked signal transduction (PLAT, APLNR, PENK, P2RY14, BDKRB1 and OXGR1), G-protein coupled receptor protein signaling pathway (APLNR, PENK, P2RY14, BDKRB1 and OXGR1), sensory perception of pain (PENK and BDKRB1), neuroactive ligand-receptor interaction (APLNR, P2RY14 and BDKRB1), and complement and coagulation cascades (PLAT and BDKRB1). Furthermore, as shown in Table IV , genes in module 3 were significantly associated with BPs such as cell adhesion (COL6A3, ITGB6, ITGA11, COL6A1 and LAMC2), biological adhesion (COL6A3, ITGB6, ITGA11, COL6A1 and LAMC2), integrin-mediated signaling pathway (ITGB6 and ITGA11), cell-matrix adhesion (ITGB6 and ITGA11), cell-substrate adhesion (ITGB6 and ITGA11), ECM-receptor interaction (e.g., COL6A3, ITGB6, COL1A2, ITGA11, COL6A1, LAMC2 and SV2C) and focal adhesion (e.g., COL6A3, ITGB6, COL1A2, ITGA11, COL6A1 and LAMC2). However, no significant BP terms were enriched based on the set criterion for enrichment analysis.
Discussion
By comparing gene expression profiles in iPSC-derived cardiomyocytes from DCM patients and healthy individuals, the present study identified a set of critical DEGs, such as FLT1 and MMP2, which were upregulated and significantly enriched in the blood vessel development and vasculature development BPs. In addition, CDH1, ITGB6, COL6A3, COL6A1 and LAMC2 were upregulated and markedly correlated with the cell adhesion BP and the ECM-receptor interaction pathway. Notably, MMP2, CDH1 and FLT1 were three hub nodes in the PPI network, while COL6A3, COL6A1, LAMC2 and ITGB6 were the crucial nodes in Table I module 3 network. Furthermore, other crucial nodes were identified in module 2, such as PENK and APLNR, which were linked to each other.
A structural feature of DCM is chamber dilation. Dilation requires myocyte and ECM alteration, which are demonstrated as causative factors for cardiac enlargement (20) . Matrix metalloproteinases (MMPs) are family members of Ca-dependent and Zn-containing endopeptidases that are essential for ECM degradation and remodeling (21) . MMP2 is a member of the MMP family that has been identified as a crucial protease in myocardial ischemia (22) . Furthermore, MMP2 serves significant roles in infarction, which is associated with fibrous tissue enlargement (23) . Reportedly, normal blood vessel development is regulated by signals between ECM and endothelial cells, while MMP2 is mainly secreted by endothelial cells (24) . Additionally, MMP2 can enter the vasculature (25) . The FLT1 encoded protein is a family member of the vascular endothelial growth factor receptor. During blood vessel morphogenesis, FLT1 is identified as a crucial molecule for the control of endothelial cell activity (26) . Alteration of FLT1 has been detected in cardiomyopathies by the NHLBI-Go Exome Sequencing Project (27) ; however, the association between this gene and HCM or DCM needs to be re-evaluated (28) . Blood vessels serve important roles in the heart during cardiac disease and remodeling, and several vasculature-associate genes are involved in cardiac hypertrophy (29) . DCM has the characteristics of cardiac enlargement and hypertrophy. Therefore, it is not surprising that several upregulated genes in DCM, such as MMP2 and FLT1, were enriched in the blood vessel and vasculature development BPs in the present study. These collectively suggest that the two genes may have significant roles in human DCM, via regulation of the blood vessel and vasculature development. Two hallmarks of DCM are abnormalities of cellular function and immune system. Overexpression of cell adhesion molecules is a common event in DCM (30) . CDH1 encodes an E-cadherin protein, which is a cell-cell adhesion molecule. Epithelial-to-mesenchymal transition (EMT) is proposed as the key mechanism for the production of cardiovascular progenitor cells, which finally differentiate into endothelial cells and cardiomyocytes, and CDH1 is one of the prominent regulators of EMT (31) . Increased expression of CDH1 in DCM samples with the enrichment in cell adhesion BP in the current study suggests that CDH1 may be a crucial gene in DCM that controls the regulation of cell adhesion. ITGB6, LAMC2, as well as collagens COL6A1 and COL6A3, are other cell adhesion-associated molecules (32) . All these genes were enriched in the cell adhesion BP in the present study, suggesting that altered cell adhesion may serve a significant role in DCM.
The ITGB6 encoded protein is a family member of adhesion receptors that have significant roles in signaling from the ECM to the cell. Intergrins are known as the major receptors for substantial ECM-mediated cellular activities, including cell adhesion, cell proliferation and differentiation (33) . Enrichment analysis in a mouse model has indicated that integrins, such as ITGB6, can participate in the DCM pathway (34) . The findings of the present study indicated that the DEG ITGB6 in DCM was significantly enriched in the ECM-receptor interaction pathway. Notably, ECM-receptor interaction is also involved in DCM pathway (35) . Thus, it can be inferred that ECM-receptor interaction may be an important pathway for DCM, which may be altered by the integrin gene ITGB6.
PENK encodes for the proenkephalin protein, and has been reported as one of the DEGs identified in skeletal muscle, while the muscle development-associated DEGs are implicated in the DCM pathway (36) . APLNR encodes a family member of the G protein-coupled receptors. Several studies have investigated polymorphisms of APLNR and the susceptibility of DCM (37) (38) (39) . In addition, the 212A allele of the APLNR G212A polymorphism is considered to be significantly associated with reduced risk of idiopathic DCM (39) , suggesting that alteration of this gene may influence the DCM. In the present study, PENK and APLNR were identified as two crucial genes in module 2, suggesting that they may exert more important functions in DCM than other genes. In addition, the linkage of these two genes in the module 2 network implies potential co-regulation of DCM.
Although a relatively comprehensive bioinformatics analysis was conducted in the present study, there remained several limitations. As the dataset was obtained from the public database, the sample size was small. Furthermore, there lacked validations of DEG expressions, as well as correlations between them. However, the obtained predictive results are also of great value to provide novel insights into the underlying DCM mechanisms and potential biomarkers for DCM prediction.
In conclusion, several potential biomarkers for DCM were identified based on the bioinformatics results of the current study, including MMP2, FLT1, CDH1, ITGB6, COL6A3, COL6A1, LAMC2, PENK and APLNR. These genes may serve significant roles in DCM via the involvement of various BPs, including blood vessel and vasculature development, and cell adhesion, as well as through the pathway of ECM-receptor interaction. However, further experimental validations are required to confirm these findings.
